INTRODUCTION
The growing demand for electric power coupled with depleting conventional sources of power has led to efforts to increase power generation worldwide using renewable sources of energy. Solar energy is one of the fastest growing renewable energy sources. Solar photovoltaic (PV) technologies have the potential to meet much of the electricity demand in the United States for the next several decades and are projected to supply nearly 14% of US electricity demand by 2030 and 27% of the demand by 2050 [1] .
Though PV generation provides an attractive alternative to fossil fuels, production of power using PV presents a number of challenges due to the variable nature of the solar resource received on the surface of the earth [2, 3] . The rapid variation in the amount of power generated by PV systems leads to voltage fluctuations, reverse power flows, voltage and current unbalances, and power losses in both the transmission and distribution systems [4, 5] . One of the biggest challenges in the distribution system is to maintain the customer voltage level in its allowed range [6] .
Reactive power control strategies can be used to minimize the voltage fluctuations in distribution systems. Traditionally constant power factor control or constant reactive power control strategies have been used to regulate voltage levels at the PV generators themselves. Reference [7] discusses a reactive power control strategy based on constant power factor control and suggests that applying constant power factor control may overheat the PV inverter by drawing excessive reactive power. Reference [8] analyses the constant power factor control of the power conditioning system of a large-scale (~ 2 MW) PV system and suggests that it is possible to achieve voltage regulation using the constant power factor control. A power factor control strategy based on sensitivity analysis is discussed in [9] , where it is proposed that voltage regulation can be achieved with less reactive power consumption if a location dependent power factor value is assigned to each PV inverter.
Volt-VAR controllers are advanced controllers used to regulate voltage levels. The performance of a Volt-VAR droop controller has been examined in [10, 11] , where it is suggested that Volt-VAR control can effectively minimize voltage fluctuations caused by the intermittent PV generation.
This paper studies and evaluates the performance of two feedback controlled strategies, namely Volt-VAR control and constant power factor control. The comparison involves voltage control considerations for both the distribution and the transmission systems. Voltage control for the transmission system will be measured by evaluating which controller draws the least reactive power from the distribution substation. Voltage control for the distribution system will be measured by evaluating which controller can best minimize customer level voltage deviations. Section II of this paper describes the two types of controllers. The circuit under study and the PV data used in the study are described in section III. Sections IV and V discuss the performance of Volt-VAR and constant power factor controllers respectively. A comparison of performances of the controllers has been discussed in section VI. Section VII discusses the conclusion.
II. CONSTANT POWER FACTOR AND VOLT-VAR CONTROLLERS

A. Constant Power Factor Controller
Constant power factor controllers have been traditionally used in PV generation to regulate voltage. As the name suggests the PV generation is operated in a constant power factor mode. The power factor can be leading or lagging. In order to keep the PV generator at a constant power factor, the ratio of the active power to the reactive power is maintained constant. This is achieved by varying the reactive power output with changes in the active power output to maintain a constant power factor.
In constant power factor control mode the terminal voltage of the generator is not monitored. The controller monitors the power factor of the generator's power output and accordingly controls the VAR output of the PV generator to keep the power factor at the set point [12] .
B. Volt-VAR Controller
The basic principle underlying Volt-VAR control is that if the terminal voltage of the generator falls below the voltage set-point, the generator starts supplying reactive power which leads to an increase in the terminal voltage. On the other hand, if the terminal voltage exceeds the voltage set-point, the PV generator starts absorbing reactive power which leads to a decrease in the terminal voltage. A typical characteristic used in Volt-VAR feedback control is illustrated in Fig. 1 [13] . The terminal voltage of the PV generator is represented on the horizontal axis and the reactive power supplied by the PV generator is represented on the vertical axis. 
III. CASE STUDY DESCRIPTION
Here the IEEE 123-bus system will be used to compare the performance of constant power factor and Volt-VAR controllers. Fig. 2 shows the circuit under study. Different points are labeled in the figure to show the locations of the PV injections, the substation, feeder end points (where voltage measurements are taken), and the recloser (where the reactive power flow from the substation is measured).
It should be noted that three-phase voltages are measured at two feeder end points (as denoted by the two sets of three phase voltages {V1, V2, V3} and {V4, V5, V6} in Fig. 2) , and phase C voltage is measured at the third feeder end point (as denoted by V7 in Fig. 2 ). The reactive power flow is denoted by Q sub in Fig. 2 . The PV generator is rated at 480 V, 2300 kW, 1160.1 kVAR at rated kW. Table I presents the circuit loading in the absence of the PV generator. It should be noted that the circuit loading does not change during the simulations.
The PV generation data used in this study is derived from one second PV generation data obtained from an actual PV generator. The actual PV generation data was collected over a year, and in the study here a small sample of the data was used, from 14:22:00 (t = 0) to 14:25:00 (t = 180 s) on a given day in April. Fig. 3 shows the PV generation data used in the study here over the period of analysis for the three phases. Table II shows the percentage variation in PV generation over the three phases. Fig. 4 presents the variation in the fraction of load supplied by the PV generator during the analysis time period. The percentage of load supplied by the PV generator varies from 53.4% to 16.2% in phase A, from 79.8% to 24.2% in phase B, and from 62.8% to 18.2% in phase C. Table III shows the maximum rates of increase and decrease in PV generation and the time periods of those changes. The aim is to evaluate controller performance relative to reactive power drawn from the substation and relative to customer level voltage deviations. Reactive power effects at the substation will be measured with two variables, the maximum and the average reactive power drawn from the substation, as measured by Q max and Q avg , respectively. The reactive power drawn from the substation is denoted by Q sub . Q max is defined as the maximum reactive power drawn from the substation over the analysis time period. Q max will be evaluated in terms of its deviation from the reactive power drawn from the substation in the absence of the PV generator, denoted by Q ref . As can be seen from Table II, 
where i varies from 1 to 7 and t varies from 0 to 180 s. In the above equations, (Q sub ) t represents the reactive power drawn from the substation at time 't' and (V i ) t represents the ith voltage measurement at time 't', where 0 <= t <= 180. Quasi-steady state power flow analysis is used to analyze the response of the system at each second. In practice, the controller feedback generally operates faster than the sample rate of 1 second used here. In actual practice, the inverter controls may have a sample rate of few hundred milliseconds, which is still large compared to the electrical time constants of the distribution feeders.
IV. PERFORMANCE OF VOLT-VAR CONTROLLER
In order to study the performance of Volt-VAR feedback control during PV transients, simulations were performed by varying the parameters of the Volt-VAR controller. As discussed in section II, a Volt-VAR controller is characterized by the slope of the Volt-VAR controller characteristic, voltage set-point, and lower and upper limits on VAR generation. For the present study, the lower and upper limits on the VAR generation were kept constant at 90% of the VAR rating of the PV generator, and slope of the Volt-VAR controller characteristic and voltage set-point were varied.
Here the slope of the Volt-VAR controller characteristic is measured in terms of the angle made by the Volt-VAR characteristic with the horizontal axis. Here the angle made by the Volt-VAR characteristic with the horizontal axis is measured in a clockwise direction and lies between 0 and 90 degrees. This way, an increase in the angle made by the characteristic with the horizontal axis represents an increase in the steepness of the characteristic. • Q deviation remains close to zero until the angle made by the Volt-VAR controller characteristic with the horizontal axis reaches close to 70 degrees, despite the fact that there is significant PV generation during the transient. This is because below 70 degrees the PV generator supplies needed reactive power, which keeps Q deviation close to zero.
• Q deviation and Q avg remain insensitive to the variation in slope of the Volt-VAR controller characteristic until the angle reaches 70 degrees. After that, Q deviation and Q avg either increase or decline depending upon the voltage set-point of the controller.
• Q deviation and Q avg are the lowest when the voltage setpoint is 1.1 pu. This is because when the terminal voltage of the generator is set to a higher value, the PV generator starts supplying more reactive power, leading to a decrease in maximum and average reactive power drawn from the substation. From Fig. 7 it can be seen that:
• The voltage deviation (ΔV) is almost insensitive to the slope of the Volt-VAR controller characteristic when the angle made by the characteristic with the horizontal axis varies from 45 to 70 degrees for voltage set-points of 1 pu and 1.05 pu. After 70 degrees, ΔV dips and then again peaks at different angles depending on the voltage set-point of the Volt-VAR controller.
• For the voltage set-point of 1.1 pu, ΔV constantly decreases when the angle varies from 45 degrees to around 72 degrees. After that, it starts increasing.
• A voltage set point of 1.1 pu gives the lowest ΔV. Based on figures 5, 6 and 7, a Volt-VAR controller with a voltage set-point of 1.1 pu and which makes an angle of 65-70 degrees with the horizontal axis in the clockwise direction is selected for comparison with the performance of the constant power factor controller. While controller settings with an angle more than 70 degrees may provide slightly better performance, the former is selected to provide a margin of error that can occur when controllers are implemented in the field. The selected range of operation is circled in Fig. 7 .
V. PERFORMANCE OF CONSTANT POWER FACTOR
CONTROLLER
In order to study the performance of the constant power factor controller, simulations were performed at different power factors values for both leading and lagging modes. Fig. 8 shows the variation of Q deviation with varying power factor for both leading and lagging modes. Figures 9 and 10 present the variation in average reactive power drawn from the substation (Q avg ) and voltage deviation (ΔV), respectively, with variation in power factor of the PV generator.
The following observations can be made from figures 8, 9 and 10 for the power factor lagging mode:
• Q deviation increases with increasing power factor, but the Q deviation values are always less than zero (Fig. 8) . This implies that the maximum reactive power drawn from the substation when the PV generator is run in power factor lagging mode is always less than the reactive power drawn from the substation in the absence of the PV generator (Q ref ).
• Q avg increases with increasing power factor values (Fig. 9 ).
• Voltage deviation (ΔV) values do not change significantly with power factor and lie between 5 and 6 V for the power factor values between 0.9 and 1 (Fig. 10) . The following can be seen from figures 8, 9 and 10 for the power factor leading mode:
• Q deviation decreases with increasing power factor magnitude, where the Q deviation values are always greater than zero (Fig. 8) . This implies that the maximum reactive power drawn from the substation when the PV generator is run in power factor leading mode is always greater than the reactive power drawn from the substation in the absence of the PV generator (Q ref ).
• Q avg decreases when the magnitude of power factor increases from 0.9 to 0.98 (Fig. 9 ).
• For power factors between 0.92 and 0.98, voltage deviation (ΔV) values are low and lie between 1.56 and 2.38 V (Fig. 10) . From figures 8, 9 and 10, it can be seen that operating the PV generator at a lagging power factor minimizes the reactive power drawn from the substation, but it increases the voltage deviations. On the other hand, operating the PV generator in leading power factor mode minimizes the voltage deviation at the feeder ends at the cost of drawing more reactive from the substation.
VI. COMPARISON OF CONTROLLER PERFORMANCES
This section compares the performances of the two feedback control strategies. To compare the performance of the Volt-VAR control with the constant power factor control, two different constant power factor controllers will be used. In comparing the reactive power drawn from the substation, the lagging power factor control is used, and in comparing the voltage deviation the leading power factor control is used.
As discussed in Section IV, a Volt-VAR controller with a voltage set-point of 1.1 pu, which makes an angle of 65-70 degrees with the horizontal axis in clockwise direction is selected for comparison with the constant power factor control. Figures 11 and 12 compare the performance of Volt-VAR and constant power factor control in lagging mode as to Q deviation and Q avg . The following observations can be made from these figures:
• For the selected range of operation of the Volt-VAR controller, Q deviation is higher for the Volt-VAR controller when the power factor is less than 0.96. Q deviation is lower for the Volt-VAR controller when the power factor is more than 0.96 (Fig. 11 ).
• Q avg follows the same trend as Q deviation (Fig. 12) . It should be noted that the voltage deviation values at the feeder ends (ΔV) are always higher for the power factor controller in lagging mode as compared to that for the Volt-VAR controller with a voltage set-point of 1.1 pu. Fig. 13 compares the performances of the Volt-VAR controller and constant power factor controller in leading mode on the basis of ΔV. It can be seen from Fig. 13 that for the selected range of operation of the Volt-VAR controller, ΔV is higher than that obtained from a power factor controller operating at a leading power factor of 0.92 or higher.
It should also be noted that the Q deviation and Q avg for the Volt-VAR controller are always lower than those obtained using a constant power factor controller in leading mode. VII. CONCLUSION Parametric studies were run for both Volt-VAR and power factor controllers, and the performance of the controllers were compared as to transmission system reactive power demands and customer level voltage deviations. In the control comparisons it was found that the constant power factor controller operating in lagging mode minimizes the reactive power drawn from the substation at the expense of increased customer level voltage deviations. On the other hand, the power factor controller operating in leading mode minimizes the customer level voltage deviations at the expense of increasing the reactive power drawn from the substation.
Simulation results show that the voltage deviation is lower for the Volt-VAR controller in the selected range of operation as compared to that obtained for the constant power factor controller operating in lagging mode. On the other hand, maximum reactive power and average reactive power drawn from the substation are lower for the Volt-VAR controller in the selected range of operation as compared to those obtained for constant power factor controller in leading mode.
The choice of controller to be implemented should be based on both transmission and distribution system concerns. If the major aim is to regulate the transmission system voltage, a controller which draws the least amount of reactive power from the substation should be used. Constant power factor controllers operating in lagging mode are suitable in this case. On the other hand, if the major aim is to reduce voltage fluctuations in the distribution system, a controller which best regulates the voltage at the customer end should be used. In the study here, constant power factor controllers operating in leading mode are best suited for this. If the aim is to take into account both concerns, then the Volt-VAR controller could be a good compromise.
